We have directly observed motion of inorganic nanoparticles during fluid evaporation using a Transmission Electron Microscope. Tracking real-time diffusion of both spherical (5-15 nm) and rod-shaped (5x10 nm) gold nanocrystals in a thin-film of water-15%glycerol reveals complex movements, such as rolling motions coupled to large-step movements and macroscopic violations of the Stokes-Einstein relation for diffusion. As drying patches form during the final stages of evaporation, particle motion is dominated by the nearby retracting liquid front.
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When a liquid that contains colloidal nanoparticles evaporates from a surface, a variety of intricate patterns can form 1, 2 . In a controlled drying process 3, 4 large-scale arrays of highly organized patterns of nanoparticles can be generated. For example, capillary forces can overcome the random thermal fluctuations so that nanoparticles diffuse into pre-patterned holes or templates on a substrate surface 4 . Controlled selfassembly of nanocrystals into functional patterns holds promise as a scalable fabrication strategy to systematically produce nanoscale devices. However, fluid deposition of nanoparticles is poorly understood and generally not predictable at the present time. One of the fundamental questions underlying particle assembly is what are the characteristics of the particle diffusion near surfaces and during the last moments before liquid drying?
As the thickness of a solution approaches the nanometer scale, several factors influence the particle motion. These include solvent surface fluctuations 2 , airliquid\substrate-liquid interface structure 4, 5 as well as the intrinsic differences in the relaxation and transport properties in an ultra thin liquid film compared to its bulk [6] [7] [8] [9] .
Diffusion of nanoparticles in such thin liquid films is largely beyond the predictive capabilities of current theoretical computation 10 . The challenge for experimentalists is that it has not been possible to directly image the details of the dynamical diffusion processes in real time due to instrumental limitations.
By taking advantage of the high spatial resolution of a transmission electron microscope (TEM), we were able to observe the microscopic details of nanoparticle motion during fluid evaporation. Imaging of liquid samples using a TEM is achieved here by using a newly designed self-contained liquid cell (see details on the liquid cells in Supporting Information and related techniques by Williamson et al. 12 ). For imaging, about a hundred nanoliters of a dilute solution of Au nanoparticles in a water-glycerol mixture was loaded into one of the reservoirs in the liquid cell. The solution was dilute in order to avoid interactions between the gold particles for this work, although concentrated solutions could also be examined by this method (see liquid sample preparation in Supporting Information). Liquid solution was drawn from the reservoir into the window by capillary forces and formed a liquid layer confined between two electron transparent silicon nitride membranes. Subsequently, the liquid cell was sealed and loaded into a TEM as a standard TEM sample.
The liquid slowly evaporates inside the microscope due to the imperfect seal of the cell in a vacuum environment and a relative high vapor pressure of the liquid.
Consequently, one side of the liquid film generally detaches from the silicon nitride membrane, creating a vapor-liquid interface. Observations are thus of particles moving in a thin liquid film between a solid substrate and a liquid-vapor interface, as it would occur during most drying processes. Due to the slow evaporation rate of the fluid (~1 nm/min, see Supporting Information), our observations are of the particle motion in a liquid thin film with negligible changes in the film thickness.
We first study the nanoparticle motion before the formation of drying patches and when the liquid thickness is close to but greater than the nanoparticle diameter.
Throughout this period, the nanoparticles execute a complex trajectory of motions which show significant effects from the substrate surface. From image analysis, we obtain data sets consisting of a particle's two-dimensional center-of-mass positions 4 resolution of 30 milliseconds. For asymmetric particles we also measure the orientation angles, € θ(t i ), relative to the x-axis with resolution of 1° (Fig. 3C ). Microscopic details of the particle movement can be obtained from the individual video frames.
We have considered the effects that the electron beam might have on the particle motion, including local heating 12, 13 , direct momentum transfer from the electron beam 12 , and electron charging 14 . In the water-glycerol mixture under study here, thermal fluctuations in the liquid are large compared to the energy imparted to the particles by the electron beam. Thus, while an energetic electron beam such as that in the TEM can drive nanoparticle motion in some circumstances, such as on a dry substrate, this is not a significant consideration here, as the electron beam effects on particle motion is a few orders of magnitude smaller than the liquid thermal effects. It is also evidenced by the negligible differences in particle trajectories obtained at beam currents that differ by a factor of five (see the theoretical calculation and experiments in Supporting Information).
Due to the complexity of a non-equilibrium liquid under evaporation, it is difficult to estimate the exact liquid conditions (e.g. liquid thickness, etc.), which makes it impractical to compare particle diffusion from different samples. In order to study the variation of particle motion as a function of nanoparticle size, we mixed nanoparticles of different sizes together, and collected trajectories from particles of different sizes that were close to each other. Trajectories of two-dimensional particle displacement for three particles sizes, 5, 10 and 15 nm in diameter, in the same liquid film recorded in the same time period before drying patches initiated are shown in Fig. 1A (also see movie S1). A liquid thickness of roughly 20-30 nm was estimated by assuming a linear evaporation rate 15 . The particle trajectories exhibit sparse and larger step movements, which we term "jumps", between swarms of much smaller steps. Larger jump distances were observed for larger particles. In order to quantify this behavior, we analyzed the particle displacement (λ) during a time interval (Δt) as a function time (t), shown in Fig Detailed characterization of the particle motion reveals the mechanism of this violation. The histograms of particle displacement distribution show multiple peaks corresponding to the different scales of step movements, namely, a main peak around zero displacement due to the small-step movements and subsidiary peaks due to the larger step movements (Fig. 1D) . The main peaks around zero displacement can be fit by Gaussian distributions. The standard deviation of the distribution represents the average step displacement during the time interval. A diffusion constant due to the small-step movements only can be obtained from the average small-step displacement as a function of time. The diffusion constant due to the small-step movement is roughly inversely proportional to particle size, see Fig. 1E . Therefore, the larger step jump diffusion is the main contribution to the violation of the Stokes-Einstein relationship.
Analysis of individual images indicates particle contrast changes during each jump (see Fig. 2A and B, as examples). However, the particle contrast mostly remains the same for the small-step movements (Fig. S3C) . Since the particles are crystalline (Fig.   2D ), the contrast changes result from changes in particle orientation, and the correspondingly different diffraction intensities 17 . It was observed that the particle rotates along the direction of movement (rolling) for the 15 nm particle. The rolling motion suggests a significant effect of the substrate surface on the particle movement 18, 19 .
Nanoparticles in solution can be weakly bound near the surface due to a potential for attraction between the surface and the particles 20 . Luedtke and Landman 21 predicted this type of anomalous diffusion behavior for nanoparticles near a dry-surface about ten years ago, but it has not been possible to directly observe this previously. In their model, the initiation of rolling is attributed to a thermal fluctuation overcoming the energy barrier of interaction between the substrate and the particle. The differences in our case are that the particles are in a thin film liquid and only limited rolling distances were observed.
Statistically, the step lengths consist roughly of two normal distributions (Fig. 1D) instead of Lévy flight characteristics (a power law dependence of step length [21] [22] [23] ).
Experimentally, these two modes of particle motion can be classified as the motion in the liquid thin film and the motion confined on the substrate surface. There also might be additional factors (e.g. lateral capillary forces or local convective flow) from the liquid surface affecting the movement of the larger particles more strongly than the smaller particles 24 . In a thin liquid film, such effects can drive the larger particles to move faster than the smaller ones. We have found that the jumps of the largest particles are roughly along certain directions (Fig. 1A) , which suggests that the particles might be moving in the direction of local convective flow or are dragged by a lateral capillary force. Our observation is consistent with earlier studies on the size-dependent separation of colloidal nanoparticles during fluid evaporation [25] [26] . However, direct observation of the sizedependent movement of individual nanoparticles during fluid evaporation has not been possible before.
Particle orientation changes correlated to particle jumps in the liquid film are more clearly seen in the motions of an asymmetric particle (5×10 nm). (Fig. 3E) . The detailed evolution of the rod trajectory from short-term anisotropic motion to long-time isotropic motion due to the rod rotation can be further resolved.
When following the behavior of individual particles before and after the initiation of drying patches, we found distinctly different modes of motion. This is apparent from the trajectory of a 5 nm spherical particle motion through a sequence of movements in Fig. 4A . The displacement (λ) during a time interval (Δt) vs time (t) was analyzed ( Fig.   4B ) using the same method as in Fig. 2B . Similar behavior of the particle jumps followed by small-step movements was observed during the first 400 s of movement. Jumps corresponding to particle rolling are observed.
At the later stages of the particle movement (see Fig. 4B ), the motion is heavily biased. In addition, large-step displacements (also manifested as jumps in the trajectory, see Fig. 4A b→c) were an order of magnitude larger than the average jump-length in a liquid film at the early stage. The corresponding images elucidate that drying patches formed in the liquid film and particles were dragged by the nearby retracting liquid front (Fig. 4C) . Since the particle contrast does not change during these drying patch induced large jumps, we conclude that the motion proceeded primarily by sliding at this stage.
Correlated jumps between nearby particles were observed in some cases, supporting the suggestion of liquid drag.
In the present study we have directly resolved the complex motion of inorganic nanoparticles in a liquid thin film during solvent evaporation. Our observations reveal three distinctly different modes of particle motion: (1) center-of-mass displacement over short length scales, (2) rolling over longer length scales, and finally, (3) dragging by the fluid front over considerably longer distances. A combination of these three modes of movements determines the ultimate motion of the particle during the drying process. This work has provided a unique view of the motion of individual nanoparticles during solvent evaporation, providing the necessary groundwork for future studies of correlated motion in more concentrated particle solutions and for studies of particle diffusion during selfassembly processes intended to create complex functional nanoparticle arrangements. In addition, gold nanoparticles have been used as labels for electron microscopy of frozen biological samples for decades. The work described here suggests that it may not be long before dynamical motion of biological molecules can be tracked by electron microscopy in physiological environments. 
